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Jet quenching at RHIC
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In Au+Au central collisions at RHIC:

— High p; yield suppression
* Gluon density: ng/dy ~ 1100
* Energy density: € > 100 ¢,

* Precise measurement at very high p;.

— Disappearance of away side jet
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Trigger hadron: p; > 4 GeV/c,
Associated hadron: p; > 2 GeV/c

3 4

A ¢ (radians)




Di-hadron correlation: surface bias

A di-hadron correlations for d+Au, Au
d+Au Au+Au, 20-40% Au+Au, 0-5% +Au at \/SNN =200 GeV (STAR)-

-« < Trigger hadron p+ (trig) > 8 GeV/c, and
% look at associated hadron in different p;
g (assoc) class.
' ‘=« Away side peak at highest p; (assoc) >
" 2 6 GeVlc.
,‘Ilz?-‘ ‘%« Punch through jets at high p;
= 1 Y - Away side yield: suppressed by
0.1} ! F - factor ~5, compared to d+Au.
3?‘}‘?“ %  B-to-B, but tangentially emission.
e 3  h-h correlations: strong bias
l - - L l — 4 > towards surface.
Phys.Rev Lett.97:162301,2006 A6 ° ’ hadron

pr (trig) > 8 GeV/c (assoc)

hadron
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ratio: h-recoil jet Au+Auw/p+p

10"

Full jet reconstruction, and
h-jet correlations at RHIC

AuvAu: 10% most central events Key to understand jet in HI collisions:
- e (1) correlations, (2) fully reconstructed jet.
\ A
s A
| STAR Preliminary * N
Jet: anti-kt R=0.4 ~- }'— \tt '?ef‘o/'lje \ Rece,
. Aquulpopp"ﬁ.o pi>6.0 % ¢ N Cojy Jeo ¢
« AusAu/p+p p!>6.0 p’>4.0 //‘ . / "\ :
+ AusAu/pep p'>6.0 p’>2.0 e \
NPIPINS IPINPIPE PRI INPUPIN IPUPIPY PO PO -
Py (GeVic)

« Used fully reconstructed jet (by STAR TPC & EMC).
» Trigger high p; hadron, and look at recoil jet in away side, measure
conditional yield in (Au+Au / p+p).
« Stronger suppression for lower recoil jet energy.
« indicating broadening of recoil jet cone size.
« “Controlled” surface bias. .
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RHIC vs. LHC
[ mac e
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2 e _ EMCAL: AnxAg=1.4x110°
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ALICE experiment

ALICE = A Large lon Collider Experiment

* Dedicated heavy ion experiment at LHC:

(‘Strip ) ( Drift ) ( Pixel )

TRACKING N
CHAMBERS -
MUON

FILTER

l
TRIGGER
HAMBER
i ~116m from |.P,

-
Sy

DIPOLE
MAGNET

ABSORBER

ATHIC 2010, Wuhan, Oct. 20, 2010 (T. Chujo)



Key detectors for jet measurement in ALICE

*  TPC(+ITS)
— Charged particles An = 1.8. i
— Excellent momentum resolution.
— Excellent PID and heavy flavor

tagging.

 EMCal
— Pb-Scint sampling EMC.
— Ap=107°,An=1.4
— Energy resolution “‘10%/\IEY

— Jetand y trigger

 PHOS
— PWO crystal EMC.
— 220°<$p<320°,An=0.24
— Energy resolution ~3%//VEy EMCal
— vy trigger.
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Di-Jet event @ 7 TeV p+p (real data);
used only charged tracks (ITS-TPC)

Reconstructed Jets UA1 Cone R = 0.4:

Jet 1: n=0.02, ¢ =306°, p; = 71 GeV, Tracks 15
Jet2: n=0.84, ¢ =132, p, =47 GeV, Tracks 9
Ap=174°
SRR Total Tracks 108




But, don’t forget the fluctuation
by neutral!

Charged
(2/3)

N ~15@100Gev
EJET 2
=@ Neutral
& T (113)

~7T@100Gev

FJET= ECHARGED+ENEUTRAL

d ECHARGED = -d ENEUTRAL

Statistical fluctuation with total energy limitation
— Total jet energy is fixed.
 fluctuation of neutral play significant role

* Need larger acceptance EMC on opposite side of
EMCal in ALICE.
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ALICE Dijet Calorimeter (DCal)

- Extension of the acceptance of
EMCal .

« Lead-scintillator sampling type EMC
with APD readout.

EMCal: Ap = 110°
DCal: Ap = 60° (on opposite side
of EMCal)

An = 0.7 for both EMCal and DCal
+ PHOS

~10%/VE

« Allow back-to-back hadron-jet, di-jet
measurements in ALICE, with R =
0.4, up to pr~ 150 GeV/c.

« Enhance jet, y trigger capability.
11
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D-Cal Design

DCal - 6 super d 0
modules & n~0.7

PHOS - 5 modules
shown

6 Super Module configuration was chosen to have a
largest possible jet radii in DCal, together with PHOS,
i.,e. R=0.4

Workshop for ALICE upgrades by Asian countries, Yonsei Univ. Seoul, Nov. 6, 2009 (T. Chujo)
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Physics case of DCal

* Casel: Jet-Jetin p+p
* Case2: Jet-Jet in Pb+Pb (quenching effect)
* Case3: m%-Jet in Pb+Pb

— Notes:
 MC simulation study using gPYTHIA.
* “DCal” means including PHOS acceptance, i.e. DCal+PHOS.

e Uncertainty on data points: Pb+Pb (central 0-10%) @ 5.5
TeV one year running statistical uncertainty (= 0.5 nb1).

 Jet reconstruction: FAST jet anti-kT algorithm, R=0.4.

14
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Casel: Dijet in p+p

DiJet Energy Ballance distribution EMCAL

Jet (trig)
©
@ [ Pb+Pb minbias at\s_=5.5TeV —=— Without DCAL
> - binary scaling from p+p i Gap : 47=0.08 (~I9cm)
100 i L=0.5/mb/s; 1 year=10"s Gap . 37+0.04 (~20cm)
||  Jets by Fastjet(Anti-Kt) with R=0.4 & Gap : A7=0.02 (~10cm)
. B, 00 e - %] < 0.5 —— No Gap between PHOS & DCAL
80— &l
:
60— l .
| 8l * Dijet energy balance, A.
40— 0l * No quenching (p+p)
1 ' * True dijet peak A~0, except
B ; without DCal.
20~ A * No clear peak EMC-TPC (no
- DCal).
obsed e v Ll Lo L i e« Asymmetric shape due to recoil
-2 -1.5 -1 48 __.0 D" 5

jet escape the acceptance of
_ (Efcal - Echal) DCal, and jet from BG.
(E]l?Cal + E]l:?MCal)/z DCal is essential for better A
resolution.
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Casel: Dijet in p+p

EMCAL
Jet (trig)

DiJet Energy Resolution

r Pb+Pb minbias at\[s, =5.5TeV

0.5 : binary scaling from p+p
L=0.5/mb/s; 1 yoar-‘lo' s

| Jets by Fastjet{Anti-Kt) with R=0.4 o S )
0.4+ b“out'ouv-:u -x|<0.5 0.5'52“‘* E‘gm
0.21- ® DCal improves the energy balance

C  p—y— Without ngoco%( — resolution from ~35% to ~25% @
0.1 === Gap :An=0.08 (~

B Gap : An=0.04 (~20cm) E,EMCal = 60 GeV, down to <20% for

[ —— g:%: An=0.02 (~1g;:‘r3)s . .

o~ 1 l 1 A 1 l L I A l'pl A A l nj 1 A l A ' L l A A A 1 A hlgher ETEM0a|.
60 80 100 120 140 160 180

Thereshold for Jet™“*" [GeV] @ Small effect by gap between PHOS
and DCal.

16
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Case2: Dijet in Pb+Pb, quenched jet

k=] L : H : H
T [ | Pb+Pb (gPythia, <G> = 50GeV’/fm)
>60  \/5,.=5.5TeV, 0-10% central =0.289
- L=0.5/mbl/s, 10° sec
-|  DCAL(R=0.4)-EMCAL(R=0.4) ;
50 : E?CAL > 100GeV Mean=0.161
40
30
20 Wl
10 J(
o:llllillll.i._le'h+llillllilll++lilllli
) -2 -1 0 1 2 3

Energy Balance
A _ (EYI?Cal _ EfMCal)
(E]l?Cal + EJE}'MCal)/z

EMCAL

Jet (assoc)

DCal

Jet (trig)
Same as “Casel” but, required trigger
jet in DCal side instead.

“Tail” on positive side due to trigger
for DCal in this case.

In this case, <ghat> = 50 GeV?%/fm, and
DCal jet energy threshold of 100 GeV.

Peak: true dijet with quencing.

— look at sigma, and centroid to quantify the
jet gquenching effect (see next slide).

Tail: recoil jet out of acceptance, BG.
17
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Case2: Dijet in Pb+Pb, quenched jet

EMCAL

Width Centroid Jot (assoc)

)

—~ 0.5¢

alance

(

0.15F

:0455_
6 _F : :

DCAL({R=0.4)-EMCAL(R=0.4)
C : Pb-be,ﬁ:S.STeV, 0-10%central
Y | L=0.5/mbis, 10° sec
il @®  gPythia[<G>=0GeV/fm)
¥ gPythia(<g>=50GeV/fm)

§CAL-E EMCAL
T

12 (E$CAL +E1ETMCAL)

ance
o
o
"
T

Balance =

(=)

w

o
I

Mean(Bal

;lllillli!l‘illli‘ll lllilllilll ;Illilllill il[li]ll\ll il‘lilll
%60 B0 100 120 140 160 180 200 %60 80 100 120 140 160 180 200

Threshold of E>**'{GeV] Threshold of E)“*'[GeV]

150 GeV 150 GeV

Red: <ghat> = 50 GeV?/fm, Black: <qhat> = 0 GeV?/fm.

Broadening of peak is seen for jet quenching.
Shift of centroid -> energy loss.

‘ ““DCal

Jet (trig)

Using one year Pb+Pb running (in this model & parameter set), possible to study jet

quenching effect up to E;P% ~ 150 GeV.
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Case 3: n%-jet, control path length

EMCAL

* Trigger n® in DCal, requiring jet in EMCal.

* Producing strong geometry bias by hand, i.e. “control” the
path length of jet.

ATHIC 2010, Wuhan, Oct. 20, 2010 (T. Chujo)
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Case 3: w’-jet, control path length

Jet (assoc)

pi0 Et > 5GeV pi0 Et > 20GeV

| E »10GeY '
[

Qhat=0
GeV2/fm
) » Hard scattering point (in x-y plane)
g:c;j}': of trigger n° with associate recoil jet.
<  The higher E; n%, the stronger
; surface bias.
« <ghat> = 20 & 50 GeV2/fm
» small difference.
—> can be used as geometry
g:c;jfr: measure of emission point, without
knowing the quench parameters.
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Case 3: w’-jet, control path length

EMCAL

Jet (assoc)

.y s . 0
Recoil jet (EMC) Trig n° (DCal)

03 Qhat=50GeV*/fm : P} >20GeViq 03¢ Qhat=50GeV’/fm : P} >20GeVic | .
c . l .
3 Qhat=50GeV*/fm : P| >40GeV/d ~ Qhat=50GeV’/fm : P, >40GeV/c | |
B25 ceeeeeein Qhat=20GeV/m : P} >40GeVid igs'_ : | e Qnat=20GeViim : P >40GeVic| -
5 ~—#-— Qhat= 0GeV!im ; P, >40GeVic % r <@~ Qhat= 0GeV/fm : P} >40GeV/c
2 T
“=0.2 0.2
s - T
5 g8 [ 0 fui
£15 f1s 0 (trig)
= s -
z < [

0.1 0.1F
0.05 0.05h

% 2 4 6 8 10 12 14 16 18 20 % 2746 8 10 12 14 16 18 20

Path Length [fm] Path Length [fm]

* Trigger n° (right): Minimizing path length.
e Recoil jet (left): Maximizing path length.
 Path length of jet medium, “control” experiment.

» Efficient trigger of nt® (Level 1) is the key, and it is capable by utilizing existing level 1
readOUt for EMC. ATHIC 2010, Wuhan, Oct. 20, 2010 (T. Chujo) 21



Other interesting measurements with DCal

-jet:

— Golden channel !! r-Jet Di-iet ZO-Jet
— Complementally to h (r°) -jet, jet-jet. P\ Py
Ridge study with di-jet & t° - jet \*\*’g\ ‘

Reaction plane dependence of: & = S f\'
— di-jet energy balance
— n%-jet
Discrimination of quark jet, gluon jet CMS 2010, Js=7TeV T
— Study of energy loss mechanism. \ '

R(An,AQ)

— Multiplicity and other observables can be
used.

R(An,AD)

22
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Current status and schedule

DCal has been approved by the ALICE collaboration, Oct. 2009.
Finished parts order. Now (almost) all parts have been delivered.

Module production starts in Oct. 2010, and will continue until early next year.
— 3.0 SM from Wayne State Univ. (USA)
— 1.5 SM from Tsukuba (Japan)
— 1.0 SM from Wuhan (China)
— 0.5 SM from Nantes (France)
e Total: 6 SM (192 x 6 = 1152 modules) for DCal.
Integrated SM in Nantes, Grenoble.

Installed in the ALICE experimental area during the long LHC shutdown in
2011-2012.

Ready to take the first 5.5 TeV Pb+Pb run, expected in 2012-2013.

23
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Assembly of 15t DCal module in Tsukuba
(Oct. 18, 2010)
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(almost) all parts in hands, ready
to start production !

R. Funato

Lab. at Univ. of Tsukuba (Oct.

25
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Wuhan team is ready.
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Summary

Dijet Electromagnetic Calorimeter (DCal) in ALICE experiment
provide a powerful & unique tool to investigate hot and dense matter
in HI collisions at LHC, through dijet and n°-jet measurements.

1. Di-Jet correlations:
« Energy balance of jet.
2. n%-Jet correlations:
« Control path length of jet.

DCal has an essential role to make these measurements.

Together with other measurements (e.g. y-jet, reaction plane dep.),
one may obtain a complete understanding of jet quenching
mechanism at LHC energy, i.e. “jet tomography”.

DCal will be installed in the next LHC long shutdown (2011-2012), and
will be ready to take first 5.5 TeV data in 2012-2013.

27
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BACKUP
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]

Possibility of Parton ID MV

b

CDF, PRL94(2005)171802

- uds-quark jets: Gluon jets:
45 [ @ DELPHI * OPAL
" v OPAL A CLEO
[ m LEP-1&SLD O CDF, gluon jets
40 % MARK-2&TPC N 3NLLA fit (CDF
[ O CDF, quark jets ; data), gluons
35 E 3NLLA fit (CDF

| data), quarks

w
>

[
>

o
n

Charged particle multiplicity, 2Ng and 2Nq
— (]
> N

n

=

® As a new generation exp., from
Particle ID to Parton ID !

® According to CDF exp.,

charged/neutral works

®Might be very difficult in heavy ion

environment
®Nevertheless, challenge!

@1t becomes feasible for higher pt

jet

Workshop for ALICE upgrades by Asian countries, Yonsei Univ. Seoul, Nov. 6, 2009 (T. Chujo) 29



Jet trigger in Pb+Pb

Fig.8.4 of TDR
< | ! | ! | ! | ! | ! | ! |
8 . Background energy
E o 100 GeV jet energy
§ A 50 GeV jet energy
= -
Backgroun
200— —
u Rcone = 0.2
- GeV -
b Y
1 1 I 1 I 1 I 1 I
00 0.1 0.2 0.3 0.4 0.5 0.6 0.7
2
Rcone

®With Rcone = 0.2, triggering jet of < 50 GeV

becomes difficult.

@®Back-to back

Workshop for ALICE upgrades by Asian countries, Yonsei Univ. Seoul, Nov. 6, 2009 (T. Chujo)
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Case 3: w%-jet, control path length

semi-inclusive jet spectrum
(°-jet)

‘% L . —e— p-p (vacuum)
o - ——
= . .~ —es— qHat = 20
5 10°F o
f= Ce .. —* qHat=50
5 - e e
= - e ——
§ 3 s P .-
R s
> B —8
= i T
= I ++++
R ++:++
: gPythia Pb-Pb @ 5.5 TeV pf>20 GeVic +
1063_|1|||||]1|||1|1|1|1|1||||1|l|1|l
20 40 60 80 100 120 140 160 180

Recoil jet
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e
w
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Au+Au/p+p

e
)
3]

o
[S)

Conditional yield ratio: qHat / vacuum
(=]

=) =)
(=] < -
o o
IIIIIIII]IIIIIIIII]IIIIIIIII

gPythia Pb-Pb @ 5.5 TeV pf > 20 GeVic

lllllllllllllllIIIlllIIIlllIIlllI

—#— qHat = 20/ p-p (vacuum)

—&— qHat =50/ p-p (vacuum)

20 40

60

80

100 120 140 160 180

Recoil jet

E; (GeV)
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